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Abstract 
The alteration of natural water-level-fluctuation patterns is a key cause of ecological degradation in lake ecosystems. 
In this research a method is developed to measure the alteration degree of natural water-level-fluctuation patterns in 
lakes. Utilizing this method, a series of indicators are developed that can reflect the pattern of water level fluctuation. 
The dissimilarity between the pre- and post-impacted frequency histograms for each indicator is evaluated using a 
metric called the Earth Mover’s Distance. A case study of Baiyangdian Lake shows the water-level-fluctuation 
pattern alteration degree calculated by the new method is consistent with the ecological degradation degree, 
indicating the new method’s ability to reflect the ecological degradation degree based only on hydrological data 
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1. Introduction 
The significance of water level fluctuations (WLF) on lake ecosystems has been well documented in 
published literature [1-3]. WLF is considered as the dominant force controlling the functioning of lake 
ecosystems [4-13]. The natural biota in lakes have evolved to adapt to a range of water depths and water 
level variations that occur at different time scales, ranging from wind-driven tides or seiches that can 
occur several times daily, to seasonal changes each year, to longer episodes [14].  Biota responds to WLF 
directly or indirectly. Direct effects include wave-induced physical disturbances. Indirect effects include 
the modification of substrates and change of habitats for aquatic flora and fauna. Significant alteration to 
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the natural water level regime in a lake will affect not only the physical processes but also the biological 
productivity [15].  
The alteration of natural WLF patterns is a key cause of ecological degradation in lake ecosystems [3]. 
To explore the relationship between ecological degradation and WLF pattern alteration, quantitative 
measurement of the alteration degree of WLF patterns is the first step. In addition, human activities, such 
as flow regulation at the upstream of lakes, will inevitably alter the natural WLF pattern. Reducing the 
alteration degree has become a basic principle to direct human activities for lake ecosystem protection 
and restoration. Thus, a method to assess the alteration degree of WLF patterns is a must.  
In this research, we try to establish a method to measure the alteration degree of natural WLF patterns 
in lakes. First, a series of indicators are developed that can reflect the pattern of WLF. Then, a metric 
called the Earth Mover’s Distance is adopted to assess the dissimilarity between the pre- and post-
impacted frequency histograms for each indicator. Finally, the new method is applied to a case study of 
Baiyangdian Lake to demonstrate its effectiveness. 
2. Method Development 
2.1. Indicators of hydrological alteration 
The full range of natural intra- and inter-annual variation of hydrological regimes plays a key role in 
sustaining the full native biodiversity and integrity of aquatic ecosystems [16]. The indicators of 
hydrologic alteration (IHAs) developed by Richter et al. [16-18] were widely used to describe the 
hydrological regime of rivers. Utilizing an analogy to the hydrological indicator for rivers by Richter et al. 
[16-18], we developed the following indicators to measure the degree of hydrological alterations in lakes, 
listed in Table 1. The high pulses in lakes are also defined as the period in which the water level is greater 
than the 25th percentile of the pre-impacted water levels, and the low pulse is defined as the period in 
which the water level is lower than the 75th percentile of the pre-impacted water levels. 
 
Table 1. Indicators of hydrological alteration in lakes 
 
IHA Group Hydrological parameters 
Group 1: Monthly water level condition Mean water level for each calendar month (12) 
Group 2: Magnitude of annual extreme water 
level conditions 
Annual 1-month minimum water level 
Annual 1-month maximum water level 
Annual 3-month minimum water level 
Annual 3-month maximum water level 
Group 3: Timing of annual extreme water level 
conditions 
Date of annual 1-month minimum water level 
Date of annual 1-month maximum water level 
Group 4: Frequency and duration of high and low 
pulses 
Number of high pulses in each year 
Number of low pulses in each year 
Mean duration of high pulse in each year 
Mean duration of low pulse in each year 
Group 5: Rate and frequency of water level 
condition changes 
Mean of all positive differences between consecutive 
monthly water levels (water level rise rate) 
Mean of all negative differences between consecutive 
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monthly water levels (water level fall rate) 
Number of water level reversals 
 
2.2. Metrics for assessing hydrological alteration  
The distribution of hydrologic data can be reflected by a discrete histogram in the situations where 
available data are limited. The histogram divides the data space into a predefined number of classes (bins) 
showing the frequency of occurrence in each class. The two hydrological conditions are regarded the 
same if their frequency histograms of the 25 IHA resemble each other. The similarity can be calculated by 
using the ‘statistical distances’ between the pre- and post-impact frequency histograms [19]. Hydrological 
alteration of lakes can be assessed with a distance-based dissimilarity metric. In this paper a method based 
on the Earth Mover’s Distance (EMD) is developed [20, 21] to measure the distance between the pre- and 
post-impacted frequency histograms.  
(1) Earth Mover’s Distance 
Earth Mover’s Distance is a classical metric for the difference between two histograms. Intuitively, 
given two histograms, one can be seen as a mass of earth equally spread in space, the other as a collection 
of holes in that same space. Then, the EMD measures the least amount of work needed to fill the holes 
with earth. Here, a unit of work corresponds to transporting a unit of earth by a unit of ground distance 
[20, 21]. Computing the EMD is based on a solution to the well-known transportation problem [22]. This 
can be formalized as the following linear programming problem:  
Let P= {(p1,w1),…,(pm,wm)} be the histogram for the pre-impacted data and Q= {(q1,r1),…,(qm,rm)} be 
the histogram for the post-impacted data, where Pi is the center of one class i (bin) for the pre-impacted 
histogram, qi is the center of one class i (bin) for the post-impacted histogram, here Pi and qi are the same, 
and wi and ri is the frequency that the variable values fall in class i of the pre- and post- impacted 
histograms, respectively.  
We need to determine a flow F=[fij], with fij the flow between Pi and qi, that can minimize the overall 
cost. It can be expressed by Equation 1, where dij is the distance between classes i and j [20, 21]. 
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After the optimal F is determined, the Earth Mover’s Distance is defined as the overall work 
normalized by the total flows, expressed by Equation 6. 
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 (2) Procedures for assessing hydrological alteration 
The procedures of the new method can be described as follows: 
1) In order to compare the hydrologic alteration of different variables (whose values can show 
different order of magnitude and even different units), the values of each variable (in both conditions) are 
adimensionalised dividing by the mean of each pre-impact variable. 
2) For the mth component of the 25 IHAs, the number of classes of the histogram is determined by the 
following formula: 
mq
m r
nr
nc mm
,
3/1
2

                                                                                                                                              (7) 
where ncm is the number of classes; rm is the difference between the largest and smallest data values; nm is 
total number of data, rq,m is the difference between the third- and first-quartile values. 
3) The histograms for the pre- and post-impacted variables are defined, in which the number of classes 
of the histograms are ncm 
4) The Earth Mover’s Distance (EMD) is computed for each variable using the EMD algorithm. EMD 
for the mth component can be considered as its hydrological alteration EMDm. 
5) The overall degree of hydrological alteration D can be presented as the follows: 
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3. Study area 
The Baiyangdian Lake is located in the middle of the North China Plain (Figure 1). It is the largest 
remaining freshwater lake in northern China. The lake gets inflows from nine rivers, including the Ci, 
Gao, Sha, Xiaoyi, Tang, Fu, Cao, Pu and Ping River. Six large- or middle-scale reservoirs, including 
Hengshanling, Koutou, Wangkuai, Xidayang, Longmen and Pu reservoirs, have been constructed since 
the 1950s to manage the water supply in the basin.  
In its history, Baiyangdian Lake used to offer many important ecological and economic services.. In 
the past four decades, however, it is facing severe problems of ecological degradation due to rapid 
population growth and fast economic development. The problem of ‘low’ or ‘no’ inflows from upstream 
rivers into the lake becomes more and more frequent, resulting in the reduction of the lake’s water surface 
and the decrease of biodiversity in the lake [23]. Despite the great effort to protect the lake in recent years, 
such as long distance water transfer from upstream reservoirs or other watersheds into the lake, the 
problem of ecological degradation in the lake has not been addressed. One key cause is upstream flow 
impoundment and the consequent hydrological alterations in lakes. Monthly average water level data in 
Baiyangdian Lake from 1951 to 2005 were obtained from Anxin Water Conservancy Bureau and were 
applied in this paper to determine the hydrological alterations in Baiyangdian Lake. 
Fish occupy the highest level in the food chain of Baiyangdian Lake. The number of fish kinds can 
reflect the overall ecological condition of the ecosystem. The greater the number, the better the overall 
ecological condition. The fish surveys were not performed every year. The number of fish kinds in the 
surveyed years is listed in Table 2. For the years without a survey, the linear interpolate method is applied 
to estimate the fish kind number. 
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Table 2 Number of fish kinds in the surveyed years 
 
Year 1958 1975 1980 1989 1991 1998 2001 
Fish kind number 54 35 40 24 24 19 33 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location of Baiyangdian Lake in China. 
 
4. Results and discussion 
4.1. Comparison of hydrological alterations during different historical periods 
Cui et al. [24] found that in Baiyangdian Lake there was a 16-year periodic component with 
alternation of dry and wet periods, which existed in the time series of water levels for 55 years, and the 55 
years can be divided into four periods: 1951-1966 (period 1), 1967-1982 (period 2), 1983-1998 (period 3) 
and 1999-2005 (period 4). The first period was characterized with the highest mean inflow and outflow, 
and it underwent very little human-induced hydrological disturbance. It had the highest species richness 
compared with other periods. Hydrological conditions in this period were considered as the natural and 
benchmark conditions.  
The hydrological alterations of Baiyangdian Lake during the second and third periods (1967-1982 and 
1983-1998) from the benchmark period (1951-1966) are shown in Table 3. The hydrological alteration in 
the fourth period is not compared because its time length is only 7 years. Table 3 indicated the overall 
degree of hydrological alteration during period 2 is less than during period 3. The average number of fish 
kinds in period 1, 2 and 3 is equal to 50, 39 and 25, respectively. Thus the degree of hydrological 
alteration calculated by the proposed method is consistent with the ecological conditions during the two 
period; i.e. period 3 underwent more serious ecological alterations. The alterations of the indicators of the 
number of low pulses in each year and water level fall rate are less than 0.05, indicating very low 
alteration of these two indicators. Thus, the alteration of the two indicators should not be a key factor of 
ecological degradation in the lake. During both periods 2 and 3, several indicators underwent obvious 
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alterations (hydrological alterations≥0.27), including mean water levels in June, September, October and 
November, annual 1- and 3- month maximum water level, mean duration of low and high pulses in each 
year. If these indicators are sensitive to the ecological degradation of Baiyangdian Lake, much attention 
should be paid to maintain the conditions of these indicators.  
 
Table 3. Hydrological alterations of Baiyangdian Lake during periods 2 and 3 
 
Group IHA Period 2 Period 3 
Group 1 
Mean water level in January 0.15 0.27 
Mean water level in February 0.13 0.25 
Mean water level in March 0.15 0.27 
Mean water level in April 0.17 0.23 
Mean water level in May 0.13 0.19 
Mean water level in June 0.29 0.29 
Mean water level in July 0.17 0.19 
Mean water level in August 0.21 0.21 
Mean water level in September 0.27 0.33 
Mean water level in October 0.31 0.35 
Mean water level in November 0.33 0.27 
Mean water level in December 0.23 0.27 
Group 2 
Annual 1-month minimum water level 0.15 0.10 
Annual 1-month maximum water level 0.27 0.31 
Annual 3-month minimum water level 0.15 0.21 
Annual 3-month maximum water level 0.31 0.29 
Group 3 
Date of annual 1-month minimum water level 0.13 0.08 
Date of annual 1-month maximum water level 0.15 0.23 
Group 4 
Number of high pulses in each year 0.17 0.17 
Number of low pulses in each year 0 0.04 
Mean duration of high pulse in each year 0.29 0.29 
Mean duration of low pulse in each year 0.27 0.31 
Group 5 
water level rise rate 0.13 0.21 
water level fall rate 0.02 0.04 
Number of water level reversals 0.19 0.10 
Overall alteration D 0.19 0.22 
 
4.2. Comparison of hydrological alterations under different proposed ecological water levels  
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To sustain lake ecosystems, prescription and implementation of ecological water levels are commonly 
used measures. For Baiyangdian Lake, the basic and preferred ecological water levels are proposed by 
Zhong et al. [23], which are listed in Table 4. However, the prescribed ecological water levels are 
constant from year to year, and the interannual water level variation is eliminated, resulting in the 
alteration of the natural hydrological condition. We can use the new hydrological alteration assessment 
method developed in this paper to evaluate the proposed ecological water levels. The Hydrological 
alterations of Baiyangdian Lake are listed in Table 5 with the water levels set at basic and preferred 
ecological water levels, respectively. 
 
Table 4. Ecological water levels in each month for the Baiyangdian Lake 
 
Month Basic (m) Preferred (m) 
1 6.61 7.74 
2 6.70 7.84 
3 6.92 8.10 
4 6.88 8.05 
5 6.87 8.04 
6 7.30 8.55 
7 7.57 8.86 
8 7.31 8.56 
9 7.11 8.32 
10 6.94 8.12 
11 6.87 8.04 
12 6.83 8.00 
 
Table 5. Hydrological alterations of Baiyangdian Lake with the water levels set at basic and preferred 
ecological water levels, respectively. 
 
Group IHA Basic Preferred 
Group 1 
Mean water level in January 0.58 0.29 
Mean water level in February 0.56 0.31 
Mean water level in March 0.58 0.29 
Mean water level in April 0.56 0.10 
Mean water level in May 0.31 0.06 
Mean water level in June 0.23 0.15 
Mean water level in July 0.23 0.15 
Mean water level in August 0.33 0.21 
Mean water level in September 0.46 0.17 
Mean water level in October 0.52 0.23 
Mean water level in November 0.54 0.25 
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Mean water level in December 0.56 0.27 
Group 2 
Annual 1-month minimum water level 0.29 0.08 
Annual 1-month maximum water level 0.31 0.31 
Annual 3-month minimum water level 0.31 0.06 
Annual 3-month maximum water level 0.35 0.35 
Group 3 
Date of annual 1-month minimum water level 0.25 0.25 
Date of annual 1-month maximum water level 0.25 0.25 
Group 4 
Number of high pulses in each year 0.17 0.17 
Number of low pulses in each year 0.04 0.63 
Mean duration of high pulse in each year 0.29 0.29 
Mean duration of low pulse in each year 0.44 0.27 
Group 5 
water level rise rate 0.29 0.29 
water level fall rate 0.04 0.04 
Number of water level reversals 0.27 0.27 
Overall alteration D 0.35 0.23 
 
The overall alterations corresponding to the basic and preferred ecological water levels are equal to 
0.35 and 0.23, respectively, demonstrating that sustaining the preferred water level is more effective to 
maintain the health of the lake. In addition, under the basic ecological water level scenario, the alterations 
of 24 of the 25 indicators are no more than those under the preferred water level scenario. The ecological 
processes related to the 24 indicators can be better maintained under the preferred water level scenario. 
Under the basic ecological water level scenario, only the indicator of the number of low pulses in each 
year undergoes lower alteration than that under the preferred water level scenario, because sustaining the 
preferred water level will greatly reduce the number of low pulses. Low pulses serve as disturbance to 
lake ecosystems. The disturbance is essential to the maintenance of biodiversity in the lake. Thus, to 
alleviate the reduction of biodiversity, always sustaining the preferred ecological water levels is not 
optimal. Occasional water level drops is recommended for sustaining the ecological function related to 
low pulses. 
5. Conclusions 
In this paper, a new method is developed to determine the degree of hydrological alteration in lakes. 
We first develop 25 indicators of hydrological alteration, which are divided into five groups, namely 
monthly water level condition, magnitude of annual extreme water level conditions, timing of annual 
extreme water level conditions, frequency and duration of high and low pulses, and rate and frequency of 
water level condition changes. Then a metric based on the Earth Mover’s Distance is proposed to measure 
the alteration degree of each indicator. Finally, to demonstrate the new method’s effectiveness, 
Baiyangdian Lake is taken as a case study. The following conclusions are reached: 
 The degree of hydrological alteration calculated by the new method is consistent with the degree 
of ecological degradation in Baiyangdian Lake; i.e. with the increase of the hydrological alteration, the 
fish diversity decreases. Thus, the proposed method is effective to reflect the degree of ecological 
degradation in the lake. 
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 The hydrological alterations of most of the indicators under the preferred ecological water level 
maintenance scenario are lower than those under the basic water level maintenance scenario. However, 
for the indicator of the number of low pulses in each year, greater alteration occurs under the preferred 
water level maintenance scenario, resulting in the greater interruption of ecological functions related to 
the low pulses events. 
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